We demonstrate molecular control of nanoscale composition, alloying, and morphology (aspect ratio) in CdS-CdSe nanocrystal dots and rods by modulating the chemical reactivity of phosphine-chalcogenide precursors. Specific molecular precursors studied were sulfides and selenides of triphenylphosphite (TPP), diphenylpropylphosphine (DPP), tributylphosphine (TBP), trioctylphosphine (TOP), and hexaethylphosphorustriamide (HPT). Computational (DFT), NMR ( 31 P and 77 Se), and high-temperature crossover studies unambiguously confirm a chemical bonding interaction between phosphorus and chalcogen atoms in all precursors. Phosphine-chalcogenide precursor reactivity increases in the order: TPPE < DPPE < TBPE < TOPE 1-x Se x quantum dots were synthesized via single injection of a R 3 PS-R 3 PSe mixture to cadmium oleate at 250 degree C. X-ray diffraction (XRD), transmission electron microscopy (TEM), and UV/Vis and PL optical spectroscopy reveal that relative R 3 PS and R 3 PSe reactivity dictates CdS 1 -xSe x dot chalcogen content and the extent of radial alloying (alloys vs core/shells). CdS, CdSe, and CdS 1 -x Se x quantum rods were synthesized by injection of a single R 3 PE (E = S or Se) precursor or a R 3 PS-R 3 PSe mixture to cadmium-phosphonate at 320 or 250 degree C. XRD and TEM reveal that the length-to-diameter aspect ratio of CdS and CdSe nanorods is inversely proportional to R 3PE precursor reactivity. Purposely matching or mismatching R 3 PS-R 3 PSe precursor reactivity leads to CdS 1 -x Se x nanorods without or with axial composition gradients, respectively. We expect these observations will lead to scalable and highly predictable "bottom-up" programmed syntheses of finely heterostructured nanomaterials with well-defined architectures and properties that are tailored for precise applications. ABSTRACT We demonstrate molecular control of nanoscale composition, alloying, and morphology
nanocrystals displayed small absorptionÀ emission spectral overlap, up to 150 nm Stokes shifts, and significantly red-shifted PL with respect to CdS and CdTe nanocrystals. 5 Controlling nanocrystal morphology is key to controlling nanocrystal properties.
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A common technique to produce nanorods, for example, is to perform slow and/or subsequent reactant injections. 15À17 In intrinsically anisotropic systems such as hexagonal (wurtzite) II 3 VI semiconductors, unidirectional (nanorod) growth occurs along the c(z) axis under high precursor concentrations. Bulky cadmiumÀphosphonate complexes are known to maintain high precursor concentrations via controlled release of Cd 2þ ions to the medium. 18 Nearly spherical to rod-like shapes are produced using ligands such as hexyl phosphonic acid. 19 Aspect ratio is sensitive to phosphonic acid alkyl chain length; the shorter the chain, the more elongated and branched are the nanorods. 18, 20 Aspect ratio control has been studied for ZnS, ZnSe, 16, 21 ZnTe, CdS, 15 CdSe, 17À19 CdTe, ZnS 1ÀxÀy Se x Te y , and CdSe 1Àx Te x 22 nanorods. ZnTe aspect ratio was controlled by temperature-tuning nanocrystal growth kinetics. 23 Composition-tunable CdSe, CdTe, and CdSe x Te 1Àx
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ABSTRACT We demonstrate molecular control of nanoscale composition, alloying, and morphology Se), and high-temperature crossover studies unambiguously confirm a chemical bonding interaction between phosphorus and chalcogen atoms in all precursors. PhosphineÀchalcogenide precursor reactivity increases in the order: TPPE < DPPE < TBPE < TOPE < HPTE (E = S, Se). For a given phosphine, the selenide is always more reactive than the sulfide. CdS 1Àx Se x quantum dots were synthesized via single injection of a R 3 PSÀR 3 PSe mixture to cadmium oleate at 250°C. X-ray diffraction (XRD), transmission electron microscopy (TEM), and UV/Vis and PL optical spectroscopy reveal that relative R 3 PS and R 3 PSe reactivity dictates CdS 1Àx Se x dot chalcogen content and the extent of radial alloying (alloys vs core/shells). CdS, CdSe, and CdS 1Àx Se x quantum rods were synthesized by injection of a single R 3 PE (E = S or Se) precursor or a R 3 PSÀR 3 PSe mixture to cadmiumÀphosphonate at 320 or 250°C. XRD and TEM reveal that the length-to-diameter aspect ratio of CdS and CdSe nanorods is inversely proportional to R 3 PE precursor reactivity. Purposely matching or mismatching R 3 PSÀR 3 PSe precursor reactivity leads to CdS 1Àx Se x nanorods without or with axial composition gradients, respectively. We expect these observations will lead to scalable and highly predictable "bottom-up" programmed syntheses of finely heterostructured nanomaterials with well-defined architectures and properties that are tailored for precise applications.
KEYWORDS: molecular control . precursor reactivity . nanocrystal composition . nanorod aspect ratio ARTICLE tetrapods, the latter with nonlinear compositiondependent absorption and emission and spectral coverage up to 1000 nm (near-IR), were also reported. 22 The mechanism by which cationic and phosphineÀchalcogenide precursors react to form II 3 VI and IV 3 VI nanocrystals is currently under intense study and debate. 24, 25 Two mechanisms, one involving Se 2À and another involving Se 0 transfer, were found to be simultaneously responsible for PbSe nanocrystal formation from Pb(oleate) 2 and phosphine selenides. 26 A kinetic model was used to describe combined nanocrystal nucleation and growth phenomena. 27 Reaction of Pb(oleate) 2 and trioctylphosphine selenide (TOPSe) at low temperature produced spherical PbSe nanocrystals, while reaction with hexaethylphosphorustriamidetriamide (HPT, also called tris(diethylamino)phosphine selenide) at high temperature produced PbSe nanorods. Coupled thermogravimetric mass spectrometry analysis (TGA-MS) showed that HPT accelerates precursor decomposition by releasing amines. 28 Trioctyl-and tributylphosphineÀchalcogenides (TOPE and TBPE; E = S, Se, Te) react with Cd and Zn oleates or alkylphosphonates via a Lewis acid substitution mechanism, producing ME (M = Cd, Zn) nanocrystals, phosphine oxides (TOPO or TBPO), and oleic or phosphonic anhydrides. 29 Using a high-throughput synthesis platform, CdSe yield as well as nucleation and growth rates from Cd(ODPA) 2 in TOPO were found to depend on phosphine selenide concentration and number of aryl groups. 30 Trialkylphosphine selenide PdSe bond cleavage starts by nucleophilic attack of carboxylate on Cd 2þ -activated phosphine selenide, followed by proton transfer from carboxylic acid to Se and CdÀSe bond formation. The rate-limiting step lies at or before formation of acyloxytrialkylphosphonium ion, which was trapped with alcohols. 31 Reaction of DPPSe and Cd(benzoate) 2 in dodecylamine proceeds through a diphenyldiselenophosphinate intermediate and generates tetraphenyldiphosphine as a byproduct. 32 Magic-sized CdSe clusters are thought to be intermediates during CdSe nanorod synthesis from Cd(phosphonate) 2 and TOPSe in TOPÀTOPO. Interestingly, acidic impurities accelerate reaction rates when technical grade rather than pure TOPO is used. 33 Tertiary phosphine selenide sources such as TOPSe were recently proposed to be unreactive toward metal carboxylates; small quantities of secondary phosphine impurities were proposed to be responsible for nanocrystal nucleation. 34 Whether this effect is catalytic or stoichiometric remains unknown.
In this paper, we use a combined experimental and theoretical approach to demonstrate that molecular precursor reactivity determines the relative ease of formation between nanocrystal phases. This opens new avenues for achieving predictable, molecularlevel or "bottom-up" control of nanoscale composition and morphology. On the basis of our recent observation of spontaneous formation of compositionally graded nanorods, this idea is consistent with Hammond's postulate, whereby the transition state energy for the rate-determining step, nucleation, is closest in energy to the precursors rather than to the much more stable nanocrystalline products, effectively a thermodynamic sink. We specifically focus on tuning sterics and electronics and therefore altering reactivity of different phosphineÀchalcogenides (sulfides and selenides) in order to control architecture, composition, and aspect ratio of CdSÀCdSe colloidal nanocrystals (dots and rods).
RESULTS AND DISCUSSION
Initial Observation: Spontaneous Formation of CompositionGraded, Axially Anisotropic CdS 1Àx Se x Nanorods 35 . Using a single injection of premixed trioctylphosphine sulfur (TOPS) and trioctylphosphine selenium (TOPSe) to a bis(phosphonate)Àcadmium Cd(ODPA) 2 complex at 320°C, we recently synthesized axially anisotropic CdS 1Àx Se x nanorods having a thick "head" and a thin "tail" (Scheme 1). 38 X-ray diffraction (XRD), high-resolution (HR) and energy-filtered (EF) transmission electron microscopy (TEM), and energy-dispersive X-ray spectroscopy (EDS) showed that nanorod heads are CdSerich, whereas nanorod tails are CdS-rich. 35 This axial anisotropy and composition gradient is accompanied by a marked band gap differential and allows directing metal (Pt, Pd) nanoparticle photodeposition toward either side of CdS 0.42 Se 0.58 nanorods by changing irradiation wavelength. 36 Time evolution and mechanistic studies showed that CdS 1Àx Se x nanorods form sequentially, starting with quick CdSe head nucleation (<20 min), followed by slow CdS tail growth (∼85 min) (Scheme 1). The relative ease of formation between these two nanorod segments cannot be a consequence of relative crystalline energies: CdS is much more stable (mp 1748°C, lattice energy ∼834 kcal/mol) compared to CdSe (mp 1512°C, lattice energy ∼798 kcal/mol). 35, 37 Here, we focused our attention on the reactivity of chalcogenide (sulfide and selenide) derivatives, R 3 PdE, of five commercially available phosphines, R 3 P: Triphenylphosphite (TPP), diphenylpropylphosphine (DPP), tributylphosphine (TBP), trioctylphosphine (TOP), and hexaethylphosphorustriamide (HPT) (Figure 1 ). All of the phosphines in this series are liquid at room temperature (RT), which facilitates precursor preparation by chemical "dissolution" of chalcogen (sulfur or selenium). On the contrary, triphenylphosphine, another commercially available phosphine, was not used here because it is a solid at RT (mp 79À81°C). Qualitatively, we predicted that more electron-donating groups would lead to better stabilization of a partial positive charge on phosphorus, thus to stronger phosphorusÀchalcogen (PdE) bonds and less reactive precursors ( Figure 1) .
Estimating PhosphineÀChalcogen Bond Strength and Relative Precursor Reactivity from DFT Calculations. To better understand these phenomena, we first turned our attention to computational modeling of the factors that control precursor reactivity at the atomic level. We focused on geometric and electronic properties around the reactive phosphorusÀchalcogen bond. Table 1 lists relative energetic parameters, including zero-point energy correction (ΔE°Z PE ), enthalpies (ΔH°), and free energies (ΔG°) corrected to RT for the reaction R 3 P þ S f R 3 PE (E = S or Se). In the optimized geometries, available in the Supporting Information, PdS bond lengths slightly increase from TPPS (1.921 Å) to DPPS (1.974 Å), TBPS (1.978 Å), TOPS (1.978 Å), and HPTS (1.982 Å). Similarly, PdSe bond lengths slightly increase from TPPSe (2.073 Å) to DPPSe (2.129 Å), TBPSe (2.131 Å), TOPSe (2.131 Å), and HPTSe (2.141 A). However, we do not believe this is an indication of relative PdE (S, Se) bond strength, but rather a consequence of size and steric bulk of phosphorus substituents as reflected in the cone angles available for three phosphines in the series: TOP (128°), TBP (132°), DPP (136°).
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From Table 1 , chalcogenide (E = S or Se) formation is exothermic or "downhill" (ΔG°< 0); that is, all phosphineÀchalcogenides (R 3 PE) are thermodynamically more stable than the reactants (R 3 P þ E). We believe the negative values ÀΔG°or ÀΔE°are good predictors of relative PdE bond strength and precursor reactivity. For example, calculated ÀΔE°values for trioctylphosphine (TOP) sulfide and selenide are ∼87 and ∼73 kcal/mol, respectively. These values roughly agree with previous results, which gave PdS and PdSe bond strengths of 96 and 75 kcal/mol, respectively. 44 The ΔE°d ifference between two phosphineÀchalcogenides at the end of the series, TPPE and HPTE, is ∼13 kcal/mol for S and ∼14 kcal/mol for Se (solvation increases this difference to ∼23 kcal/mol for S and ∼16 kcal/mol for Se; see Supporting Information). Both ÀΔG°and ÀΔE°c alculations clearly show phosphineÀchalcogenide stability relative to the release of free phosphine and chalcogen increases in the order TPPE ∼ DPPE < TBPE < TOPE < HPTE. Single-point energy ΔE°results using optimized geometries with 6-311G* and cc-pVTZ basis sets mirror this trend. PhosphineÀchalcogenide precursor reactivity, understood as the ability to give off or release chalcogen, significantly decreases in the order TPPE ∼ DPPE > TBPE > TOPE > HPTE (E = S, Se). This trend explains our aforementioned sequential formation of axially anisotropic CdS 1Àx Se x nanorods: Because of significantly weaker PdE bond in TOPSe compared to TOPS (by 21 kcal/mol, Table 1 ), Cd(ODPA) 2 reacts faster with TOPSe than with TOPS, leading to faster CdSe nucleation compared to CdS. 35 Figure 2 shows the highest occupied molecular orbital (HOMO) for HPTE and TPPE (E = S, Se). HOMOs are based on the one-node p-orbital interaction between P and E and are π-bond in character. The TPPSe ARTICLE HOMO has a small contribution from phenyl substituents, while the HPTS and HPTSe HOMOs have large amide nitrogen contributions. In TPPE, the oxygen between phenyl and P creates an electron density gap, and the oxygen lone pairs do not facilitate a π-interaction. In HPTE, the amine nitrogen directly connects to P, and the amide groups are situated perfectly for extensive π-interaction with P, making HPT bind S and Se very strongly. Much weaker π-interactions in TPP are observed in atomic polar tensor (APT) atomic populations analysis (unlike Mülliken analysis,
45À47
APT 48 analysis exhibits modest basis set sensitivity and models atomic populations more realistically). 49, 50 Both analyses place positive and negative charges on P and E (S or Se), respectively. APT analysis shows a progressive increase of positive P charge upon going from free phosphine to phosphineÀchalcogenide. Upon binding to E, APT P charge increases from TPP (0.622, S; 0.528, Se) to DPP (0.979, S; 0.872, Se), TBP (0.846, S; 0.750, Se), TOP (0.867, S; 0.767, Se), and HPT (0.866, S; 0.781, Se). Thus P polarization increases precursor stability; it is lowest for TPP, confirming TPPS and TPPSe as most reactive chalcogen sources in the series (Figure 1 ).
Estimating PhosphineÀchalcogen Bond Strength and Reactivity from 31 P and 77 Se NMR. We used nuclear magnetic resonance (NMR) spectroscopy to gather experimental evidence that could substantiate these results. Specifically, we measured 31 P and 77 Se NMR spectra of the different phosphines, phosphine sulfide and phosphine selenide precursors (Table 2) . Critically Observation of this coupling unambiguously corroborates the presence of phosphorusÀselenium bonds in all selenide precursors; it also indirectly corroborates phosphorusÀsulfur bonds in all sulfide precursors because PdS bonds are stronger than corresponding PdSe bonds (Table 1) . 44 PhosphineÀchalcogenide (R 3 PdSe, R 3 PdS) 31 P NMR chemical shifts (δ) are more "downfield" (higher δ) compared to parent phosphines (R 3 P), indicating that Se NMR spectra of phosphine (R 3 P) and phosphineÀchalcogenide (R 3 PE) precursors (E = S, Se Minimizing PhosphineÀChalcogen Exchange: High-Temperature Crossover Experiments. We also probed the tendency of chalcogens to exchange or "crossover" between different phosphines (Scheme 2a). This question is important when two or more phosphineÀchalcogenides are used as nanocrystal precursors (Scheme 2b,c); it also serves as an indirect test for the existence of PdS and PdSe bonds at high temperature. Specifically, we performed chalcogen crossover experiments between DPPS and TOPSe to give DPPSe and TOPS. According to Table 1 , this exchange reaction is slightly exothermic (favorable), with a ΔG°= À0.69 kcal/mol. Experimentally, we premixed DPPS and TOPSe at RT and injected this mixture to a Cd-free solution containing only oleic acid and dioctylamine under argon at different temperatures. Aliquots were drawn at different times, and the extent of chalcogen exchange was monitored by 31 P NMR. As shown in Figure 4 , exchange at RT is very slow, with neither DPPSe nor TOPS being observed after 5 min. Exchange at very high temperature, such as 300°C, is too fast, with as much as half of DPPS and TOPSe converted to DPPSe and TOPS after 5 min. Nevertheless, decreasing temperature somewhat and shortening reaction time helps minimize exchange. At 250°C, the minimum temperature at which we see appreciable reaction between phosphineÀchalcogenides and Cd(oleate) 2 or Cd(ODPA) 2 with immediate nuclei formation, DPPSe is unobserved and TOPS is a minor product after 0.5 min (Figure 4b ).
Controlling CdS 1Àx Se x Nanodot Composition. Having theoretical and experimental data at hand, we probed the effect of chalcogenide precursor reactivity on nanocrystal composition by synthesizing CdS 1Àx Se x nanodots using different phosphine sulfide (R 3 PS) and phosphine selenide (R 0 3 PSe) combinations. According to Vegard's Law, 53 complete CdS 1Àx Se x solid solutions are possible over a whole composition range (0 e x e 1). Both CdS and CdSe form zinc blende (cubic) and wurtzite (hexagonal) crystals, and four-coordinate S 2À and Se 2À ionic radii differ little, under <15% (4À7%). 54 Specific syntheses involved injecting fresh R 3 PSÀR 0 3 PSe mixtures to Cd(oleate) 2 at 250°C and keeping the same (growth) temperature for 5 min. After isolation, we examined the resulting dots' optical properties, particle size (diameter), and composition using a combination of UVÀVis absorption and photoluminescence (PL) spectroscopies, XRD, TEM, and EDS (Table 3 and Figure 6 ).
XRD shows CdS 1Àx Se x nanodots have cubic, zinc blende structures (Figure 5a ). The d spacings extracted from XRD correlate well with chalcogenide (S:Se) composition obtained from EDS and chemical elemental analysis (%S, Figure 5b) . DPPE, TBPE, and TOPE (E = S, Se) are reliable and useful chalcogen sources with varying reactivities. However, phosphines at the ends of the series in Figure 1 , TPPE and HPTE, are too reactive and unreactive, respectively. TPPSe reacts with Cd-(oleate) 2 too fast and forms aggregates rather than dots, whereas HPTS does not react at all. The PdSe bond in HPTSe is also very strong: According to XRD (Figure 5a ). 28 Observed nanodot band gaps appear erratic at first glance ( Figure 6a,b) ; however, this is in great part due to different nanodot sizes across batches: Singlecrystalline domain sizes (diameters) obtained from XRD peak widths are all smaller than Bohr radii for CdS (<3.0 nm) and CdSe (<5.6 nm) and are thus confined (quantized) 55 (Table 3) . When corrected for size, 56 CdS 1Àx Se x nanodot band gaps progressively widen (blue shift) with increasing sulfur content (Figure 6c) . Critically, the band gap of nanocrystals made from sulfide and selenide precursors that are closer in reactivity, such as TOPSeÀDPPS (ΔΔG°P =E = 4.81 kcal/mol), lie on or very near a straight line between the size-corrected band gaps of pure CdS and CdSe dots (Figure 6c ). When two precursors have similar reactivity, they nucleate concomitantly at similar rates, forming true CdS 1Àx Se x solid solutions. Solid solution band gaps are determined by the contentweighed band gap average between CdS and CdSe ( Figure 6c ). In contrast, the band gap of nanocrystals made from sulfide and selenide precursors with highly disparate reactivity, such as TOPSeÀTOPS (ΔΔG°P =E = 12.5 kcal/mol), lie far from the straight line between the size-corrected band gaps for pure CdS and pure CdSe, a phenomenon known as "bowing" (Figure 6c ). 3 When two precursors have very different reactivity, they nucleate separately at different rates (and times), forming CdSe/CdS core/shells. Core/shell band gaps are determined by CdSe core and degree of electron and hole delocalization into the CdS shell. 57À59 In other words, purposely matching or mismatching molecular precursor reactivity can control the degree of radial alloying and overall architecture of nanodots. As reflected by XRD d spacings and size-corrected band gaps, nanodot elemental composition (EDS and elemental analysis) correlates well with relative phosphineÀchalcogenide reactivity. Plotting (%S)/(%Se) content versus relative PdS and PdSe bond energies (estimated as the difference in ÀΔG°values from Table 1) shows %S increases and %Se decreases as the PdS bond becomes weaker and the PdSe bond becomes stronger (Figure 6c) . We have used these data to develop an empirical expression that describes relative chalcogen content (S/Se) in CdS 1Àx Se x nanodots as a function of theoretical and experimental parameters: The amount of each chalcogen incorporated should be (1) directly proportional to its precursor concentration (the more precursor molecules available, the more likely they will react with Cd), and (2) inversely proportional to its PdE bond energy (the stronger the bond, the more difficult it is to release chalcogen). Mathematically
where k is an empirically fitted dimensionless constant (Figure 6d ). 
ARTICLE
Controlling CdE Nanorod Aspect Ratio (E = S or Se). We then moved our attention to the effect of phosphineÀ chalcogenide precursor reactivity on length-to-diameter "aspect ratio" of hexagonal (wurtzite) CdS and CdSe nanorods. 35 To probe this effect, we separately synthesized CdS and CdSe nanorods by single injection of one R 3 PS or R 3 PSe precursor, respectively, into a solution of Cd(ODPA) 2 at 320°C for CdS or 250°C for CdSe, and continued growth for 85 min. Lower reaction temperature was necessary for CdSe because phosphine selenides are less stable (more reactive) precursors compared to phosphine sulfides. 23 Figure 7 shows representative TEM images of CdS (a,b,c) and CdSe (e, f,g) nanorods obtained in this way. For both CdS and CdSe, nanorod length and aspect ratio consistently decrease as the phosphorusÀchalcogen (PdE) bond energy decreases (Figure 7d ,h and Table 4 ). In other words, nanorod length and aspect ratio decrease with increasing precursor reactivity. We note the biggest contribution to observed changes in aspect ratio are nanorod lengths: CdS nanorod length changes from 267.0 ( 38.7 nm to 127.1 ( 2.5 nm and 64.4 ( 4.6 nm when TOPS, TBPS, and DPPS are used as sulfur precursors, respectively (Table 4 , entries 1À3). CdSe nanorod length changes from 34.3 ( 8.9 nm to 13.2 ( 1.9 nm and 5.9 ( 1.6 nm when TOPSe, TBPSe, and DPPSe are used as selenium precursors, respectively (Table 4 , entries 4À6). In contrast, changes in nanorod diameter are too small to be statistically significant: CdS nanorod diameters are 3.2 ( 0.6 nm, 2.5 ( 0.6 nm, and 4.4 ( 1.1 nm when TOPS, TBPS, and DPPS are used as sulfur precursors, respectively (Table 4 , entries 1À3). CdSe nanorod diameters are 5.9 ( 1.1 nm, 3.2 ( 1.9 nm, and 4.4 ( 1.4 nm when TOPSe, TBPSe, and DPPSe are used as selenium precursors, respectively (Table 4 , entries 4À6).
We rationalize these observations as follows: A decrease in phosphorusÀchalcogen (PdE, E = S or Se) bond strength, that is, lower PdE bond energy, increases phosphineÀchalcogenide precursor reactivity. More reactive R 3 PE precursors react faster and more uncontrollably with Cd(ODPA) 2 , leading to lower selectivity for anisotropic (unidirectional) 1D growth along wurtzite's z-axis and resulting in smaller nanorod aspect ratios. At the molecular level, we believe this is a nucleation-dominated effect: Each nanorod arises from a single initial nucleus or "seed" (small CdE cluster). Because nanorod diameters stay the same ; within experimental error ; for different precursors, we assume that they all grew from seeds formed at a similar, very early stage (i.e., nucleation). Upon injection, more reactive precursors such as DPPS or DPPSe form many more nuclei compared to less reactive precursors such as TOPS or TOPSe. After this fast nucleation event, there is less of the more reactive precursor left in the reaction medium than of the less reactive precursor. This leads to more and shorter, lower aspect ratio nanorods for more reactive precursors than for less reactive (more stable) precursors. 
The rate of chalcogen release from different molecular precursors during growth may also play a role in controlling nanorod aspect ratio. High precursor concentrations are known to favor unidirectional (1D) growth of wurtzite nanocrystals along the z-axis. A decrease in phosphorusÀchalcogen bond strength accelerates the rate of chalcogen release to the reaction medium. More reactive precursors such as DPPS and DPPSe have weaker PdE bonds and cannot maintain high precursor concentrations for as long as less reactive precursors such as TOPS or TOPSe. Because high precursor concentrations are required for nanorod growth, more reactive precursors lead to shorter nanorods compared to less reactive (more stable) precursors.
The aforementioned trends also hold for analogous precursors across chalcogens (Table 4 , entries 1À3 vs 4À6). Phosphine selenide precursors (R 3 PdSe) have weaker phosphineÀchalcogen bonds and are much more reactive than phosphine sulfide precursors (R 3 PdS). As a result, CdSe nanorods form at lower temperatures (250°C) compared to CdS nanorods (320°C). Aspect ratio greatly decreases with increasing injection temperature: Only CdSe dots (l/d = 1) were formed at 320°C.
Controlling CdS 1Àx Se x Nanorod Axial Anisotropy and Composition Gradient. As mentioned above, we previously observed spontaneous formation of axially anisotropic CdS 0.42 Se 0.58 nanorods by reacting a 9:1 TOPSÀ TOPSe mixture with Cd(ODPA) 2 at 320°C for 85 min (Scheme 1); these graded nanorods have a length of 17.8 ( 2.4 nm and diameters of 17.8 ( 2.4 nm (CdSe "head") and 5.6 ( 0.8 nm (CdS "tail") ( Table 5 and Figure 8a ). 35 We explained the formation mechanism of these nanorods by considering relative TOPS and TOPSe reactivities. Our calculations show that the PdE bond in TOPS is 12.5 kcal stronger (less reactive) than that in TOPSe. Because of this large energy difference, fast (<20 min) CdSe homogeneous nucleation followed by slow (∼85 min) CdS heterogeneous nucleation (epitaxial growth) along the nanorods z-axis leads to axially anisotropic rods (Figure 8a,c,e) . In contrast, we have observed formation of more regularly shaped CdS 0.34 Se 0.66 nanorods by reacting a 9:1 TBPSÀTBPSe mixture with Cd(ODPA) 2 at 320°C for 85 min; these nanorods have a length of 13.2 ( 0.8 nm and a consistent diameter of 6.9 ( 0.8 nm (Table 5 and Figure 8b ). The overall aspect ratio (1.9) is smaller compared to the aspect ratio of the axially anisotropic nanorods (3 to 7) (Table 5) . Critically, EDS line scans show no composition gradient along the nanorods' length. We explain this uniform composition and consistent diameter (lack of axial anisotropy) based on relative TBPS and TBPSe reactivities. Our calculations show that the PdE bond in TBPS is somewhat closer in energy (12.1 kcal stronger less reactive than) compared to TOPSe. Because of this smaller energy difference, nanorods form by concomitant nucleation and growth of CdS 1Àx Se x along the nanorods z-axis. As shown above for pure CdS and CdSe binary nanorods, overall aspect ratio is determined by relative precursor bond energies (and reactivities) in each case. The weighed averaged PdE bond energy (ÀΔG ave°) for a 9:1 TOPSÀTOPSe mix is 70.4 kcal/mol, whereas that for a 9:1 TBPSÀTBPSe mix is 67. 
CONCLUSION
In summary, we have demonstrated predictable, "bottom-up" control of nanoscale composition, architecture, and morphology (aspect ratio) in CdSÀCdSe nanocrystal quantum dots and rods by purposely altering and modulating the chemical reactivity of molecular phosphineÀchalcogenide precursors, R 3 PE PSe precursor mixtures to cadmium phosphonate, reveals their length-to-diameter (aspect) ratio and a degree of axial alloying (composition gradient) depends on R 3 PE precursor reactivity. We expect that these observations will contribute to the development of more predictable, bottom-up synthetic routes to fabricate well-defined heterostructures with highly specific properties. We are currently exploring this idea in the fabrication of nanomaterials for catalytic and thermoelectric applications.
METHODS
Materials. Cadmium oxide (99.998%), sulfur (99.999%), oleic acid (tech., 90%), and diphenylpropyl phosphine (DPP) (97%) were purchased from AlfaAesar; octadecylphosphonic acid (ODPA) from PCI synthesis; selenium (99.999%), trioctylphosphine oxide (TOPO) (99%), anhydrous toluene, hexaethylphosphoroustriamide (HPT) (97%), and dioctylamine (98%) from Sigma-Aldrich; triphenylphosphite (TPP) (97%), tributylphosphine (TBP) (99%), and trioctylphosphine (TOP) (97%) from Strem. Materials were used as received unless specified otherwise. NMR data were collected on either a Varian 400-MR or Varian VXR-400 spectrometer. 31 P NMR spectra were referenced to 85% phosphoric acid, H 3 PO 4 (δ 0 ppm).
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Se NMR spectra were referenced to PPh 3 Se/CDCl 3 (δ À266.20 ppm vs Me 2 Se δ 0 ppm). 60, 61 Standards were sealed within capillaries in NMR tubes. Chemical elemental analyses were performed by Galbraith Laboratories., Inc. (Knoxville, TN) .
Synthesis. CdS 1Àx Se x Nanodots. R 3 PS and R 3 PSe stock solutions were made by dissolving 12.5 mmol of chalcogen (0.40 g of S or 0.98 g of Se) in 25 mmol phosphine (7.7 g of TPP, 5.7 g of DPP, 5.1 g of TBP, 9.3 g of TOP, or 6.2 g of HPT) in a dry-N 2 -filled glovebox. Synthesis. CdO (24 mg, 0.18 mmol), OA (0.24 g, 0.85 mmol), and dioctylamine (8 g, 0.937 mmol) were heated to 100°C, evacuated under dynamic vacuum for 15 min, refilled with argon, and heated to 300°C to form a completely colorless solution. Solution was allowed to cool to 120°C, evacuated under dynamic vacuum for 15 min, refilled with argon, and heated back to 250°C. At 250°C, a premixed R 3 PSÀR 3 PSe (1 mL total volume, 1.14 mmol total chalcogens) was swiftly injected, causing a rapid color change. Mixture was stirred for 0.5 or 5 min at 250°C, allowed to cool to RT, and diluted with toluene (5 mL). Nanocrystals were isolated by addition of methanol (24 mL), followed by centrifugation (5000 rpm for 10 min). Chalcogen crossover control experiments. TOPS (1.14 M, 0.3 mL) and DPPSe (1.14 M, 0.3 mL) were added to an NMR tube inside a dry-N 2 -filled glovebox. The tube was sealed, and 31 P NMR was recorded RT as well as after heating to 100, 200, and 300°C.
CdS Nanorods. CdS nanorods were made by a modified literature procedure.
35,62 R 3 PS stock solutions were made by dissolving S (0.40 g, 12.5 mmol) in 12.5 mmol phosphine (2.9 g of DPP, 2.5 g of TBP, or 4.6 g of TOP) in a dry-N 2 -filled glovebox. Synthesis. CdO (105 mg, 0.81 mmol), TOPO (1.3 g, 3.6 mmol), and ODPA (530 mg, 0.94 mmol) were heated to 100°C, evacuated under dynamic vacuum for 15 min, refilled with argon, and heated to 320°C to form a completely colorless solution. Solution was cooled to 120°C, evacuated under dynamic vacuum for 15 min, refilled with argon, and heated back to 320°C. When temperature reached 300°C, phosphine (1.20 mL of DPP, TBP, or TOP) was injected into the flask. When temperature reached 320°C, R 3 PS stock solution (1 mL, 2.25 mmol DPPS, TBPS, or TOPS) was swiftly injected, causing a gradual color change. Temperature was equilibrated at 315°C and stirring continued for 85 min. Final mixture was allowed to cool to R.T. and diluted with toluene (5 mL). Nanocrystals were isolated by addition of 1:1 v/v 2-propanol/nonanoic acid mixture (24 mL), followed by centrifugation (5000 rpm for 10 min). CdSe nanorods. R 3 PSe stock solutions were made by dissolving Se (0.98 g, 12.5 mmol) in 12.5 mmol phosphine (2.9 g of DPP, 2.5 g of TBP, or 4.6 g of TOP) in a dry-N 2 -filled glovebox. Synthesis. CdSe nanorods were made by a similar procedure as reported above for CdS nanorods, except that injection and growth were performed at 250°C.
CdS 1Àx Se x Nanorods. R 3 PS and R 3 PSe stock solutions were made as reported above for CdS and CdSe nanorods. Axially anisotropic CdS 0.42 Se 0.58 nanorods with a "drumstick"-like morphology were synthesized by a literature procedure. 35 Regular (axially isotropic) CdS 0.34 Se 0.66 nanorods were made as follows: CdO (105 mg, 0.81 mmol), TOPO (1.38 g, 3.6 mmol), and ODPA (540 mg, 0.94 mmol) were heated to 100°C, evacuated under dynamic vacuum for 15 min, refilled with argon, and heated to 320°C to form a completely colorless solution. Solution was cooled to 120°C, evacuated under dynamic vacuum for 15 min, refilled with argon, and heated back to 320°C. When temperature reached 300°C, TBP (1.20 mL) was injected into the flask. When temperature reached 320°C, a premixed, 9:1 TBPSÀ TBPSe solution (1 mL total volume, 2.25 mmol total chalcogens) was swiftly injected, causing a gradual color change. Temperature was equilibrated at 315°C and stirring continued for 85 min. Final mixture was allowed to cool to RT and diluted with toluene (5 mL). Nanocrystals were isolated by addition of 1:1 v/v 2-propanol/nonanoic acid mixture (24 mL), followed by centrifugation (5000 rpm for 10 min).
Structural Characterization. X-Ray Diffraction. Powder X-ray diffraction (XRD) data were measured using Cu KR radiation on a Scintag XDS-2000 diffractometer equipped with a thetaÀtheta goniometer, a sealed-tube solid-state generator, and an aircooled Kevex Psi Peltier silicon detector. Transmission Electron Microscopy. Transmission electron microscopy (TEM) was conducted on carbon-coated copper grids using a FEI Technai G2 F20 field emission scanning transmission electron microscope (STEM) at 200 kV (point-to-point resolution <0.25 nm, line-toline resolution <0.10 nm). Nanorods' elemental axial composition was characterized by energy-dispersive spectroscopy (EDS) line scans in STEM mode and by energy-filtered (EF) imaging spectroscopy (EF-TEM). Particle analysis. Dimensions were measured manually and/or by using ImageJ. Size measurements and particle statistics were obtained for at least >100 CdS 1Àx Se x , CdS, and CdSe particles. Average sizes are reported along ( standard deviations.
Optical Characterization. Absorption spectra were measured with a photodiode array Agilent 8453 UVÀVis spectrophotometer. Solvent absorption was subtracted from all spectra. Steady-state photoluminescence (PL) spectra were measured with a Horiba-Jobin Yvon Nanolog scanning spectrofluorometer equipped with a photomultiplier detector. Photoluminescence (PL) quantum yields (QYs) were measured following ARTICLE literature procedures. 63 Absorption and PL emission spectra were measured more than twice and average QYs recorded.
Computational Details. Calculations were carried out using the Gaussian 03 package 64 running on CenterOS based Linux cluster at the Prairie View A&M University. Tao-PerdewStaroverov-Scuseria (TPSS) method, 65 a new generation of density functional implemented in Gaussian 03, was used for geometry optimization, solvation modeling, and frequency calculations. TPSS matches or exceeds in accuracy prior functionals, including the popular B3LYP with hybrid exchange functional. 66 TPSS recognizes relatively weak interactions such as agostic interactions, while B3LYP significantly underestimates them. Because hydrogen atoms in the modeled system do not play significant roles, a 6-311G* basis set 67, 68 was used for all elements in our system. Not applying polarization functions on H's far away from P does not significantly degrade computational precision and accuracy and can considerably accelerate calculations. 69 All structures were fully optimized, and frequency analyses were performed until minima were achieved, with zero imaginary vibrational frequencies derived from vibrational frequency analysis. Thermodynamic functions including enthalpies, entropies, and free energies were calculated at 298.15 K and 1 atm. To examine basis set effects, a Dunning/ Huzinaga full double-zeta 70 with Stuttgart/Dresden effective core potential basis set (SDD) and a triple-zeta Dunning's correlation consistent basis set (cc-pVTZ) 71 were used for all atoms with TPSS functionals to perform a single-point energy (SPE) calculation.
